Within the elasticity formulation the most general displacement field for hygrothermal problems of long laminated composite plates is presented. The equivalent single-layer theories are then employed to determine the global deformation parameters appearing in the displacement fields of general cross-ply, symmetric, and antisymmetric angle-ply laminates under thermal and hygroscopic loadings. Reddy's layerwise theory is subsequently used to determine the local deformation parameters of various displacement fields. An elasticity solution is also developed in order to validate the efficiency and accuracy of the layerwise theory in predicting the interlaminar normal and shear stress distributions. Finally, various numerical results are presented for edge-effect problems of several cross-ply, symmetric, and antisymmetric angle-ply laminates subjected to uniform hygrothermal loads. All results indicate high stress gradients of interlaminar normal and shear stresses near the edges of laminates.
Introduction
With the ever-increasing applications of laminated composites in severe environmental conditions hygrothermal behavior of such laminates has attracted considerable attention. The interlaminar normal and shear stresses, on the other hand, are believed to play a significant role in prediction of dominant cause of failure in composite laminates. These stresses that exhibit highly localized concentration near the edges of the laminate are the basis for damage in the form of free-edge delamination and the subsequent delamination growth in the interior region of laminates, leading to failure at loads below those corresponding to in plane failure. Therefore among the extensive research areas in the analysis of fiber-reinforced composites, the issue of interlaminar-edge stresses has been subject of tremendous investigations and various theoretical and experimental methods are employed to study the edge-effect problem of composite laminates. Since, the present study is devoted to thermal and hygroscopic problems, in the proceeding only the pertinent works will be referred. A relatively comprehensive review of the various techniques of evaluation of interlaminar stresses that have ðx; y; zÞ represent the displacement components in the x-, y-, and z-directions, respectively, of a material point initially located at (x, y, z) in the kth lamina of the laminate. It is next noted that as long as the loading conditions at x = Àa and x = a are similar (so that the laminate in Fig. 1 is globally in equilibrium), the following conditions will hold: 
Furthermore, by replacing u (k) (y, z) appearing in (3a) by ÀB 3 y + u (k) (y, z), it becomes apparent that the terms involving B 3 in (3) will generate no strains and, therefore, can be omitted (these terms, in fact, will correspond to an infinitesimal rotation of the laminate about the z-axis in Fig. 1 ). Thus, the most general form of an arbitrary laminated composite laminate is given as follows: 
The displacement field in (4) may be used, in principle, for calculating the stress field in any composite laminate subjected to arbitrary combinations of self-equilibrating mechanical and uniform hygrothermal loads. In the present study, however, our attention is focused on symmetric and unsymmetric cross-ply laminates, symmetric laminates, and antisymmetric angle-ply laminates subjected to uniform hygroscopic and thermal loadings. Since the solutions developed here in the present study significantly depend on the lamination scheme, each of the aforementioned laminates is examined separately.
Cross-ply laminates
For symmetric and unsymmetric cross-ply laminates (e.g., see Jones, 1998) subjected to uniform hygrothermal loadings, based on physical grounds, the following restrictions will, furthermore, hold (see Fig. 1 
Upon imposing (5a) on (4a) it is concluded that u (k) (y, z) = 0. Also from (5b) and (4b) it is concluded that B 1 = 0. Thus, for cross-ply laminates the most general form of the displacement field is given as follows: 
It is to be noted that for symmetric cross-ply laminates it can readily be shown that (see Eqs. (8) below) B 6 = 0.
Symmetric laminates
For symmetrically laminated composite plates (e.g., see Jones, 1998) under uniform hygrothermal loadings the deformational behavior of the material points within the laminates remains the same with respect to the middle surface. Thus, the following restrictions must hold with respect to the middle surface of any symmetric laminate with N layers: 
From (7a) and (4a), it is concluded that B 6 = 0. Also from (7b) and (4b) it is concluded that B 1 = 0. Therefore, for symmetric laminates the most general form of the displacement field is given as: 
Antisymmetric angle-ply laminates
For antisymmetric angle-ply laminates with N layers (e.g., see Jones, 1998) subjected to uniform hygrothermal loadings the following condition must hold (see also Nosier and Bahrami, 2007) It is to be noted that the terms involving the constant parameters B 1 , B 2 , and B 6 describe the global deformations within the laminates whereas the functions u (k) (y, z), v (k) (y, z), and w (k) (y, z) correspond to the local deformations of kth layer within the laminate.
Equivalent single-layer theories
It is well known by now that ESL theories are adequate in predicting the global responses of the composite laminates. On the other hand, these theories are simpler and computationally less time consuming than the layerwise theories. The objective of the present section is to present the simplest ESL theory which, on the other hand, will provide sufficiently accurate results for the unknown constant parameters B 1 , B 2 , and B 6 appearing in (11). For unsymmetric cross-ply and antisymmetric angle-ply laminates numerical studies conducted by the authors indicate the first-order shear deformation theory of plates (FSDT), also known as Mindlin-Reissner plate theory, is fairly accurate in predicting these parameters. For symmetric laminates, however, an improved first-order theory must be developed and used for determining the appropriate constant parameter (i.e., B 2 ) appearing in the displacement field (11).
In FSDT the components of the displacement vector at a material point in the laminate are expressed in the following form (Reddy, 2003) : u 1 ðx; y; zÞ ¼ uðx; yÞ þ zw x ðx; yÞ u 2 ðx; y; zÞ ¼ vðx; yÞ þ zw y ðx; yÞ u 3 ðx; y; zÞ ¼ wðx; yÞ ð12Þ where u, v, and w denote the displacements of a point located on the middle plane of the laminate. Also w x and w y are the rotations of transverse normals about the y-and x-axes, respectively. The displacement field in (6) indicates that for hygrothermal problems of cross-ply laminates the displacement field within FSDT (i.e., Eq. (12)) must take the following simpler form: u 1 ðx; y; zÞ ¼ B 2 x þ B 6 xz u 2 ðx; y; zÞ ¼ V ðyÞ þ zW y ðyÞ u 3 ðx; y; zÞ ¼ À 1 2
with B 6 being equal to zero when the cross-ply laminate is symmetric. Similarly, based on the displacement field in (10), it is concluded that for hygrothermal problems of antisymmetric angle-ply laminates the displacement field within FSDT must take the following simpler form:
u 2 ðx; y; zÞ ¼ ÀB 1 xz þ V ðyÞ þ zW y ðyÞ u 3 ðx; y; zÞ ¼ B 1 xy þ W ðyÞ:
As it is pointed out earlier, for symmetric laminates FSDT is incapable of accurately determining the unknown parameter B 2 appearing in (8). This is attributed to the fact that, when such laminates are subjected to uniform hygrothermal loads, the unknown functions w x , w y , and w vanish and the remaining terms in (12) will not be adequate for accurate determination of B 2 . On the other hand, in symmetric laminates under hygrothermal loadings the displacement components u 1 , u 2 must be even functions of thickness coordinate z whereas u 3 must be an odd function of z. For such laminates it is found that a more accurate result for B 2 may be found by introducing the following displacement field: 
The theory that will be developed here using (16) will be referred to as the improved first-order shear deformation plate theory (IFSDT). It remains to find and, thereafter, solve the equilibrium equations corresponding to the displacement fields in Eqs. (13), (14), and (16) in order to determine the constant parameters existing in these displacement fields. For brevity, however, here the detail of the procedure is demonstrated for the displacement field in (16) only and the results corresponding to the displacement fields in (13) and (14) are summarized. By using the displacement field (16) in the principle of minimum total potential energy (Fung and Tong, 2001 ) and treating the constant B 2 as an unknown parameter five equilibrium equations are obtained which may be presented as follows:
where a prime indicates an ordinary differentiation with respect to variable y and the stress and moment resultants appearing in (17) and (18) are defined as follows:
Upon substitution of the displacement field (16) into Eq. (19a), through the linear strain-displacement relations of elasticity and the plane-stress constitutive law (Herakovich, 1998) of a lamina, the stress and moment resultants may be expressed as: 
where the laminate rigidities A ij ,B ij , and D ij are defined as:
with Q ij being the transformed reduced stiffness (Herakovich, 1998) of an orthotropic lamina. Also N T ,M T are referred to as the thermal resultants and defined as:
where DT denotes the temperature change and a x , a y , and a xy denote the transformed coefficients of thermal expansions (Herakovich, 1998) . The hygroscopic resultants are, similarly, defined as:
In Eqs. (23), DM is the percent moisture (by weight) absorbed by each layer in the laminate and b x , b y , and b xy indicate the transformed coefficients of hygroscopic expansions (Herakovich, 1998) . Also in (20b) the constant k 2 is called the shear correction factor which is often introduced for in a first-order theory to modify the laminate transverse shear rigidities.
For free edges of the laminate at y = ±b according to the principle of minimum total potential energy the following traction-free boundary conditions must be imposed:
Integrating the equilibrium equations in (17a) and (17b) and imposing the boundary conditions in (24a) yield:
These conditions are used to express U 0 and V 0 appearing in (20a) in terms ofW x andW y , and B 2 . This way the resultants N x ,M y , andM xy are all expressed in terms ofW x andW y , and B 2 . Finally, upon substitution ofM xy andM y , and (20b) into the equilibrium equations (17c) and (17d), the following results are obtained:
with the coefficients D 22 , D 26 , and D 66 being displayed in Appendix A. Upon imposing the boundary conditions in (24b) on the general solution of (26), the generalized displacement functionsW x andW y are obtained in terms of the unknown constant B 2 which, on the other hand, may be presented as follows:
where the coefficients A j and D j ðj ¼ 1; 2Þ are given as:
The constant parameters appearing in (28a) and (28b) are presented in Appendix A. In addition, k 2 j (j = 1,2) appearing in (28c) are the roots of the following characteristic equation (associated with Eqs. (26)):
Finally, upon substituting (27) into the stress resultant N x and the subsequent result into the global equilibrium equation (18), the constant parameter B 2 is determined which, on the other hand, may be presented as follows:
where the expressions forĥ, n T x , and n H x are also listed in Appendix A. It is remarked earlier that a procedure similar to that outlined here for symmetric laminates may be employed to determine the unknown parameters appearing in the displacement fields of unsymmetric crossply and antisymmetric angle-ply laminates. For brevity, however, only the appropriate results are presented here. For cross-ply laminates the constants B 2 and B 6 appearing in (13) are found to be as follows:
The expressions for the constant parameters appearing in (31) are for clarity displayed in Appendix B. For antisymmetric angle-ply laminates the constants parameters B 1 and B 2 appearing in the displacement field (14) are found to be as follows:
The constant parameters in (32) are listed in Appendix C.
Layerwise laminated plate theory of Reddy
Due to existence of local high stress gradient and the three-dimensional nature of the boundary-layer phenomenon, the interlaminar stresses in the boundary-layer regions can not be computed accurately by the ESL theories. Thus, Reddy's layerwise theory that is capable of modeling localized three-dimensional effects is utilized here to carry out the hygrothermal interlaminar stress analysis in laminates with free edges. The theory assumes that the displacement components of a generic point in the laminate are given by (Nosier et al., 1993) : u 1 ðx; y; zÞ ¼ u k ðx; yÞU k ðzÞ u 2 ðx; y; zÞ ¼ v k ðx; yÞU k ðzÞ k ¼ 1; 2; . . . ; N þ 1 u 3 ðx; y; zÞ ¼ w k ðx; yÞU k ðzÞ ð33Þ with k being a dummy index indicating summation from 1 to N + 1. In (33) u 1 , u 2 , and u 3 denote the displacement components in the x-, y-, and z-directions, respectively, of a material point located at (x, y, z) in the undeformed state. Also, u k (x, y), v k (x, y), and w k (x, y) indicate the displacements of all points located, initially, on the kth plane in the x-, y-, and z-directions, respectively. In addition, N corresponds to the total number of numerical layers considered in a laminate. Furthermore, U k (z) are the global Lagrangian interpolation polynomials associated with the kth surface (see Tahani and Nosier, 2004; Reddy, 2003; Nosier et al., 1993) . It is to be noted that the layerwise concept introduced here is very general in a sense that the accuracy of the solution can be improved as close as desired by increasing the number of the subdivisions through the thickness or increasing the order of interpolation polynomials through the thickness. However, in the present study, the interpolation functions U k (z) are assumed to have linear variation through the thickness of each numerical layer. The elasticity-based displacement field in (11) indicates that the displacement field of LWT appearing in (33) must be rewritten in a simpler form as follows:
Substitution of (34) into the linear strain-displacement relations of elasticity (e.g., see Fung and Tong, 2001) yields the following results:
The equilibrium equations of a laminate within LWT are obtained employing (35) in the principle of minimum potential energy (e.g., see Fung and Tong, 2001) . The results are, in general, 3(N + 1) local equilibrium equations corresponding to 3(N + 1) unknown functions U k , V k , and W k , and three global equations corresponding to the three unknown constants B 1 , B 2 , and B 6 as follows:
Àb ðr xz y À r xy zÞ dy dz ¼ 0 ð37aÞ
Here, the generalized stress resultants, appearing in Eqs. (36a) through (36c), are defined as:
It is next noted that the three-dimensional stress-strain relations within the kth layer of composite laminate are given as (e.g., see Herakovich, 1998):
with ½ C being the transformed stiffness matrix and {e T } and {e H } being the thermal and hygroscopic strains, respectively. By merely substituting relations (35) into (39) and the subsequent results into (38), the generalized stress resultants are expressed in terms of the displacement functions: (40) into (36) and (37), the governing equations of equilibrium are obtained in the following form:
To investigate the free-edge-effect problem, Eqs. (41) and (42) must be solved subject to the following tractionfree boundary conditions at y = ±b:
As it is seen from (41) the local displacement equations comprise of 3(N + 1) coupled second-order differential equations with constant coefficients. It is clear that such a linear system may be solved analytically using, for example, the state space approach. This way, the displacement components will be found, in general, in terms of B 1 , B 2 , B 6 , and 6(N + 1) constants of integration. Three global displacement equations in (42) and 6(N + 1) boundary conditions in (43) are, then, employed to determine integration constants and unknown coefficients B 1 , B 2 , and B 6 . A detailed description of the solution scheme has been presented in Bahrami (2006, 2007) and, therefore, for brevity will not be repeated here. It is to be noted that the constant parameters B 1 , B 2 , and B 6 appearing in (34) may be considered to be known from an analysis based on the first-order theories developed here (see Eqs. (30) through (32)) since they represent global response quantities of laminates. In fact the accuracy of the first-order theories in predicting these parameters will be assessed within the present study when numerical results are discussed.
Theory of elasticity
In order to verify the validity of the solutions obtained in the previous sections, an analytical elasticity solution is presented here for particular boundary and loading conditions. A generally stacked laminate subjected to a uniform hygrothermal loading is considered. It is, moreover, assumed that the ends of the laminate in Fig. 1 are gripped so that the line AB (EF) is not allowed to have rotations about the x-axis and the line cc (the x-axis and the line dd). Under such assumptions the constants B 1 and B 6 vanish and the displacement field of elasticity in (4) 
The constant B 2 appearing in (44) represents the uniform axial strain in the x-direction due to a hygrothermal loading and will be determined here within the elasticity theory. By employing the displacement field (44) in the principle of minimum total potential energy (e.g., see Fung and Tong, 2001 ) the local and global equilibrium equations are readily found to be: 
respectively. For traction-free boundary conditions at y = ±b, no analytical solution seems to exist for Eqs. 
Using the three-dimensional stress-strain relations in (39) together with strain-displacement relationships of elasticity (e.g., see Fung and Tong, 2001) , the local equilibrium equations in (45) may be expressed in terms of the displacement components as follows: C 
The traction-free conditions at the bottom surface of the Nth layer:
xz ¼ 0 at the bottom surface of the N th layer:
The displacement continuity conditions at every interface within the laminate:
; u
; and u
at interfaces:
The stress equilibrium conditions at every interface within the laminate: 
Eqs. (48) with the boundary conditions in (49) may be solved by means of the Fourier series technique. A complete description of the solution procedure is discussed in Nosier and Bahrami (2007) and, for the sake of brevity, is not repeated here. The displacement components within the kth layer of the laminate are found to be: 
Also the parameters A km and B km appearing in (51) are given by: 
The next step of the analysis is to determine the 6N unknowns, namely, A kmi (k = 1,2, . . . , N and i = 1, . . . , 6) for each Fourier integer m and the unknown parameter B 2 . These unknowns will be determined in a try and error process by imposing the conditions in (50a) through (50d) and Eq. (46). For this purpose, an initial value is assumed for B 2 . This value is then substituted into conditions (50a) through (50d) to obtain a system of 6N algebraic equations in terms of A kmi (for each m) which upon solving yields the unknown coefficients A kmi (k = 1,2, . . . , N and i = 1, . . . , 6). Next, upon carrying out the integration in (46) a new B 2 is found which, on the other hand, may be presented as: 
It is reminded here that for convenience the z coordinate is located at the middle surface of each ply. The new value of B 2 is then compared with that assumed initially. If the difference between two values is significant, the new value of B 2 in (55) is used as the initial value and the procedure is repeated until B 2 is obtained with any desirable degree of accuracy. It is to be noted that by substituting B 2 into (53a) and subsequent results into (51) the displacement components will be obtained. Upon substitution of the displacement field into strain-displacement relations of linear elasticity (e.g., see Fung and Tong, 2001 ) and using the three-dimensional Hooke law (39) the stress components are finally determined. It is pointed out that the elasticity solution presented here is, although analytical, not an exact solution since the Gibbs phenomenon appears in the Fourier expansions introduced in the solution procedure (see Nosier and Bahrami, 2007) . In fact, according to the solution obtained here, the interlaminar normal stress r z will vanish at points located on the edges of the laminate at y = ±b which is not a correct result. The exact value of r z on these edges may, however, be determined by considering the following three-dimensional strain-stress relations (e.g., see Herakovich, 1998): (47)). Therefore, at all points on these edges (except for points located at the intersections of these edges with interfaces, bottom surface, and top surface of the laminate) it can be concluded:
Next, substitution of (47) and (58) 
Relation (60) indicates that the interlaminar normal stress r ðkÞ z has a constant value at the edges of each lamina (at y = ±b) and, in addition, this constant value changes from one layer to another (adjacent) layer because of changes in fiber orientations.
Numerical results and discussions
In this section the validity and accuracy of the theories and procedures introduced here in the present study are first assessed trough several numerical examples by considering cross-ply laminates with special boundary conditions (47) at y = ±b. For this purpose numerical results of ESL and layerwise theories for a uniform temperature change are compared with those of elasticity theory. The interlaminar stresses within various crossply, symmetric, and antisymmetric angle-ply laminates with free edges at y = ±b are then closely examined. The material layers within any laminate are assumed to have identical thickness (h k ), density, and on-axis properties. The mechanical and thermal properties of each lamina are, furthermore, assumed to be the same as those of graphite/epoxy T300/5208 (Herakovich, 1998):
Moreover, the thickness of each physical lamina is assumed to be 1 mm (i.e., h k = 1 mm). In addition, since the responses of various laminates due to thermal and hygroscopic loads are similar, only thermal results (due to a uniform temperature change DT = 1°C) are presented here. Furthermore, in the numerical examples the value 5/6 is used for the shear correction factor, k 2 , in the first-order plate theories and the interlaminar stress components according to LWT are computed by integrating the local equilibrium equations of elasticity (see, e.g., Reddy, 2003) .
Numerical values of B 2 according to FSDT, IFSDT, LWT, and elasticity theory are listed in Table 1 for cross-ply [90°/0°/0°/90°] and [0°/90°/0°/90°] laminates with boundary conditions in (47) under the uniform thermal load DT = 1°C. The ratio of the laminate width to its thickness is assumed to be 5 (i.e., 2b/h = 5) for the numerical results in Table 1 . It is observed that the layerwise theory overestimates the numerical values of B 2 and by, however, increasing the number of numerical layers (p) in each physical layer (see Tahani and Nosier, 2004; Nosier et al., 1993 ) the results of LWT approach those of the elasticity theory. It is to be noted that the numerical values of B 2 as predicted by FSDT and IFSDT are sufficiently accurate as compared to those of elasticity theory. In addition, the slight differences observed between the first-order theories and the elasticity theory in predicting B 2 have no considerable effects on the interlaminar stress distributions within various laminates. The interlaminar stress components are depicted in Figs. 2 and 3 for thermal problems of cross-ply [90°/0°/0°/90°] and [0°/90°/0°/90°] laminates subjected to the boundary conditions (47) at y = ±b. It Table 1 Numerical value of the constant parameter B 2 · 10 6 according to FSDT, IFSDT, LWT, and elasticity theory for special boundary conditions in Eqs. (47) P = 1 P = 2 P = 3 P = 4 P = 5 P = 6 P = 7 P = 8 is observed that the results of the layerwise theory are in excellent agreements with those of the elasticity theory. The free-edge-effect problems are now examined by using several numerical examples. The numerical values of the unknown constant parameters appearing in various displacement fields are presented for cross-ply, symmetric, and antisymmetric angle-ply laminates in Table 2 . The results are generated for various width to thickness ratios. Close examination of Table 2 reveals that the FSDT and IFSDT results are sufficiently accurate for thin to moderately thick laminates. For thick laminates, however, numerical investigation indicates that slight inaccuracy in global terms (i.e., terms involving the unknown parameters B 1 , B 2 , and B 6 appearing in (4)) has insignificant effects on the accuracy of stress distributions within various laminates. It is, therefore, concluded here that the explicit expressions obtained for these parameters according to first-order theories (i.e., relations (30), (31), and (32) for symmetric, cross-ply, and antisymmetric angle-ply laminates) may conveniently be used within other theories such as LWT and elasticity theory (see also Bahrami, 2006, 2007) . This, in fact, is done here in the remaining of the present study. In order to obtain accurate results for interlaminar stresses, each physical layer is subdivided into, unless otherwise mentioned, 20 numerical layers (i.e., p = 20). Moreover, the ratio of width to thickness is assumed to be 10 (i.e., 2b/h = 10). It is to be noted that for symmetric cross-ply laminates either relation (30) or (31) may be used to determine the single constant parameter B 2 (noting that B 6 = 0 for symmetric laminates). Fig. 4 shows the distributions of the interlaminar normal stress r z along the two 0°/90°interfaces in the [0°/90°/0°/90°] laminate. It is observed that the r z exhibits different behavior at these interfaces. More explicitly, it is seen that the maximum numerical value of r z is quite larger in the top 0°/90°interface. The distributions of the interlaminar stresses r z and r yz along the upper and middle interfaces of the symmetric cross-ply [90°/0°/0°/90°] laminate are shown in Fig. 5 . Both stresses are seen to grow abruptly in the vicinity of the free edge, while being zero in the interior region of the laminate. It is also noted that the interlaminar shear stress r yz rises toward the free edge and decreases rather suddenly to zero at the free edge. By increasing the number of numerical layers in each lamina r yz becomes slightly closer to zero but it may never become zero. This is, most likely, due to the fact that within LWT the generalized stress resultant R k y , rather than r yz , is forced to vanish at the free edge (see Eq. (43)). It is reminded here that the interlaminar shear stress r xz is identically zero everywhere in cross-ply laminates. Also, due to symmetry, the interlaminar shear stress r yz vanishes at the middle surface of symmetric cross-ply laminates. The variations of interlaminar normal stress r z through the thickness of the unsymmetric cross-ply laminate [90°/0°/ 90°/0°] are depicted in Fig. 6 as the free edge is approached. It is observed that the maximum negative value of r z occurs within the top 0°layer and the maximum positive value of r z occurs within the bottom 90°layer both near the 90°/0°interfaces at the free edge (i.e., y = b). It is also seen that r z diminishes away from the free edge as the interior region of the laminate is approached. Fig. 7 shows the variations of transverse shear stress r yz at the free edge (i.e., y = b) and through the thickness of the bottom 90°layer of the [0°/90°/90°/0°] laminate. It is clear from the figure that r yz has a nonzero value at the interface-edge junction (i.e., interface corner) of the laminate. A close examination of Fig. 7 reveals that, except for the interface corner point, the value of r yz along the free edge of the laminate approaches zero as the number of numerical layers in each physical ply, p, is increased. The variations of the interlaminar normal and shear stresses along the upper interface (i.e., the 25°/À80°interface) of the antisymmetric angle-ply laminate [25°/À80°/80°/À25°] are plotted in Fig. 8 . It is seen that the magnitude of r yz is quite smaller than those of r z and r xz (with r xz and r z surprisingly having similar magnitudes). It is reminded here that extensive numerical studies indicate that the interlaminar shear stress r yz is equal to zero at the middle surface of all antisymmetric angle-ply laminates subjected to uniform hygrothermal loads. Fig. 11 . It is noticed from this figure that in the antisymmetric angle-ply laminate the maximum positive values of r xz occur near the 45°/À45°interfaces whereas the maximum negative value of r xz occurs at the middle surface of the laminate. In the symmetric laminate, however, the maximum positive and negative values of r xz occur near the À45°/45°and 45°/À45°i nterfaces, respectively. It is significant to note that the magnitudes of maximum values of r xz for both laminates are approximately equal, with r xz being an odd (even) function of thickness coordinate in symmetric (antisymmetric angle-ply) laminates. Finally, the effect of fiber orientation is examined in Fig. 12a and b by comparing the variations of interlaminar normal stress r z at the top interface-edge and middle surface-edge junctions of the [0°/h/h/0°] and [0°/ h/Àh/0°] laminates as a function of h. It is observed that at the top interface-edge (i.e., 0°/h interface-edge) junctions the two laminates display very similar behavior, with the numerical values of r z being approximately identical. At the middle surface-edge junction, however, the distributions of r z in the two laminates are, except for small h's, quite different. The maximum values of r z at the top interface-edge junction occur at h = 90°in both laminates whereas at the middle surface-edge junction r z becomes maximum when h % 55°in the antisymmetric angle-ply laminate and when h = 90°in the symmetric laminate.
Conclusions
In the present investigation an elasticity formulation is presented for the displacement field of a long generally stacked laminate subjected to hygrothermal loads. It is found that the components of the displacements field are composed of two distinct parts, signifying the global and local deformations within laminates. Based on physical arguments regarding the behavior of symmetric, cross-ply, and antisymmetric angle-ply laminates special displacement fields are obtained for such laminates. The ESL theories are then employed to determine the unknown constant parameters appearing in the global deformation part of various displacement fields. It is also found that for each lamination scheme an appropriate ESL theory must be employed for the efficient and accurate prediction of these parameters. For cross-ply and antisymmetric angle-ply laminates it is found that the usual first-order theory (Mindlin-Reissner plate theory) yields accurate results for the unknown constant parameters appearing in various displacement fields. Numerical investigations, however, reveal that for symmetric laminates the usual first-order theory (FSDT) is inadequate in predicting these parameters. Therefore, an improved first-order theory (IFSDT) is introduced to obtain these parameters for symmetric laminates. Next, Reddy's layerwise theory (LWT) is utilized to calculate the interlaminar stresses. The unknown constants appearing in various displacement fields are also determined within LWT. For special boundary and loading conditions an analytical elasticity solution is presented to verify the accuracy of LWT, in predicting the interlaminar stresses and B 2 , and that of FSDT and IFSDT in predicting B 2 . Excellent agreements are seen to exist between the results of LWT and the elasticity theory. Several numerical results according to LWT are then developed for the free-edge interlaminar stresses through the thickness and across the interfaces of various cross-ply, symmetric, and antisymmetric angle-ply laminates. In addition, the constant coefficients appearing in (30) are defined as follows: 
